Pathogenic CD4 + T cells and myeloid cells play critical roles in the pathogenesis of multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE), an animal model of MS. These immune cells secrete aberrantly high levels of pro-inflammatory cytokines that pathogenically bridge the innate and adaptive immune systems and damage neurons and oligodendrocytes. These cytokines include interleukin-2 (IL-2), IL-6, IL-12, IL-21, IL-23, granulocyte macrophage-colony stimulating factor (GM-CSF), and interferon-γ (IFN-γ). It is, therefore, not surprising that both the dysregulated expression of these cytokines and the subsequent activation of their downstream signaling cascades is a common feature in MS/EAE. The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway is utilized by numerous cytokines for signal transduction and is essential for the development and regulation of immune responses. Unbridled activation of the JAK/STAT pathway by pro-inflammatory cytokines has been demonstrated to be critically involved in the pathogenesis of MS/EAE. In this review, we discuss recent advancements in our understanding of the involvement of the JAK/STAT signaling pathway in the pathogenesis of MS/EAE, with a particular focus on therapeutic approaches to target the JAK/STAT pathway.
I. INTRODUCTION A. Multiple Sclerosis (MS)
Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative disease of the central nervous system (CNS) (brain, spinal cord, optic nerves). [1] [2] [3] [4] MS affects approximately two million individuals worldwide, and it is the primary cause of nontraumatic neurological disability in young adults in the United States. 5 The hallmark features of MS include disruption of the blood-brain barrier (BBB), focal inflammatory infiltrates into the CNS, demyelinating lesions, oligodendrocyte loss, gliosis, and axonal damage. [1] [2] [3] [4] 6 MS is a highly heterogeneous disease with variable clinical symptoms and courses. Symptoms range from numbness in limbs to severe disease including paralysis, loss of vision, and cognitive impairment. [1] [2] [3] 6 According to the presenting clinical characteristics, four subtypes of MS have been defined. Relapsing-remitting MS (RR-MS) is the most common subtype of MS, accounting for approximately 85% of MS patients. RR-MS patients experience periods of disease flares (relapses) followed by periods in which disease symptoms subside (remissions). Over time, approximately 50% of RR-MS patients develop secondary-progressive (SP-MS), where irreversible neurological damage begins to accumulate. The third subtype of MS is primary-progressive MS (PP-MS), which is characterized by steady worsening of neurologic functioning, without any distinct relapses or periods of remission. Progressive-relapsing MS (PR-MS) is the fourth subtype, affecting approximately 5% of patients. PR-MS patients experience steady disease progression with occasional relapses. 1 Currently, the etiology of MS remains largely unknown. A combination of immunologic, environmental and genetic factors have been proposed to cause and/or contribute to the development of MS. 1, 2, [6] [7] [8] [9] It has become widely acknowledged that MS occurs in genetically predisposed individuals following exposure to an environmental trigger, such as an immune response toward certain pathogens, which may accidentally activate neuroantigen-autoreactive T cells. Once activated, T cells mature and cross the BBB where they are reactivated by CNS resident antigen-presenting cells (APCs). The reactivation of T cells confers their encephalitogenic activity by secreting a panel of cytokines and chemokines which recruit additional immune cells from the periphery (dendritic cells (DCs), macrophages, neutrophils, T cells and B cells) to the CNS. The immune infiltration results in an inflammatory response directed against the myelin sheath and other components of the CNS, ultimately leading to demyelination and axonal damage. 1, 2, [9] [10] [11] [12] [13] [14] [15] [16] Interestingly, the nature of the immune infiltrates present in the CNS is associated with disease activity. It has been proposed that T cells are the major pathogenic cell type during periods of relapse, while innate immune cells are involved in progressive disease. 15 Given the critical role of immune cells in mediating the pathogenesis of MS, various therapies directed towards modulating the immune system have been developed and approved by the US Food and Drug Administration (FDA), including IFN-β (Avonex, Betaseron, Extavia, Plegridy, and Rebif), glatiramer acetate (GA, Copaxone), mitoxantrone (Novantrone), natalizumab (Tysabri), and, most recently, fingolimod (Gilenya), dimethyl fumarate (Tecfidera), alemtuzumab (Lemtrada), and teriflunomide (Aubagio). [17] [18] [19] As these agents are only partially effective and do not stop disease progression, there is still a great need for the development of new therapies. 14, 17, 20 
B. Experimental Autoimmune Encephalomyelitis (EAE)
Much of our current understanding of disease pathogenesis and potential therapeutic interventions in MS comes directly from animal models. [21] [22] [23] [24] [25] Experimental autoimmune encephalomyelitis (EAE) is the most widely used experimental model for MS; it resembles many aspects of MS pathology including demyelination, cellular infiltration and axonal loss. [21] [22] [23] [24] [25] EAE is induced by active immunization with CNS antigens emulsified in adjuvant or by adoptive transfer of neuroantigen-specific CD4 + T cells. [21] [22] [23] [24] [25] Immunization of C57BL/6 mice results in the development of classical EAE, which is a non-relapsing chronic disease characterized by progressive ascending paralysis with pathology mainly in the spinal cord. [21] [22] [23] [24] [25] In some instances, immunization of C57BL/6 mice with different genetic modifications (e.g., mice deficient in IFN-γ signaling or mice with specific deletion of suppressor of cytokine signaling 3 (SOCS3) in the myeloid lineage) results in atypical forms of EAE, with pathology predominantly in the brain, rather than spinal cord. [26] [27] [28] [29] [30] Another frequently used EAE model is PLP [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] -induced RR-EAE in SJL/J mice. 31 Initially, RR-EAE develops similarly to classical EAE characterized by ascending paralysis. After the initial inflammatory attack subsides, the disease goes into remission and later, relapses arise. 31 As MS represents a heterogeneous group of disorders in many aspects, different models of EAE allow researchers to explore distinct pathogenic pathways and validate therapeutic targets for MS treatment.
Similar to MS, the pathogenesis of EAE is complicated and involves close interplay between cells of the innate and adaptive immune systems. [10] [11] [12] [13] [14] [15] After immunization, EAE is initiated by the activation of autoantigen-specific CD4 + T cells by APCs in the periphery. Upon recognition of their cognate antigen in the context of MHC II, the auto-reactive CD4 + T cells mature and differentiate into effector phenotypes. IFN-γ-producing T helper 1 (Th1) cells and IL-17-producing Th17 cells are the primary effector T cells in the development of EAE; adoptive transfer of either myelin-specific Th1 cells or Th17 cells can induce EAE in naïve recipients. 14, 32, 33 In addition to the production of their signature cytokines, both Th1 and Th17 cells produce granulocyte macrophage-colony stimulating factor (GM-CSF), a potent pro-inflammatory cytokine that activates DCs, enhances phagocytic activity in monocytes and macrophages, increases MHC II expression and antigen presentation capacity and enhances expression of adhesion molecules in mature myeloid cells. [34] [35] [36] [37] Alternatively, Th2 cells and regulatory T cells (Tregs) have protective functions in both MS and EAE by producing the anti-inflammatory cytokines IL-4, IL-10, and TGF-β. 32, 38 effective in preventing the development of EAE. 40, 41 Interestingly, a recent study pointed out that injection of CTLA-4 Ig at days 7 and 9 after immunization (when myelin-reactive T cells have been primed and start migrating toward the CNS) exacerbated disease signs and resulted in more severe disease. 42 These results indicated that CTLA-4-Ig treatment at a particular disease stage might lead to suppression of Tregs, which is associated with a more severe disease. 42 In addition, it has been shown that administration of PD-L1 overexpression DCs that were loaded with MHC-MOG peptide inhibited T-cell expansion, reduced cell infiltration into spinal cord, and decreased the severity of MOG peptide-induced EAE, 43 indicating targeting the PD-1 pathway might have therapeutic benefit in MS/EAE treatment.
Innate immune cells, including DCs, macrophages/ monocytes, microglia, and neutrophils also have critical roles in both initial and advanced stages of EAE development. [10] [11] [12] 15, [44] [45] [46] Interestingly, macrophages/monocytes and microglia have been shown to play a dual role in the pathogenesis of MS/EAE as they contribute to lesion formation and axonal damage, but they also support repair mechanisms. 44, 45 Two distinct phenotypes of macrophages, classically activated macrophages (M1) and alternatively activated macrophages (M2), exist in MS/EAE lesions. 44, 45 Macrophages are polarized to the M1 phenotype by exposure to Th1 cytokines such as IFN-γ and GM-CSF, or in the presence of bacterial products such as LPS. M2 macrophages are polarized by exposure to Th2 cytokines such as IL-4 and IL-13, as well as macrophage-colony stimulating factor (M-CSF). 47 Macrophage polarization is plastic, suggesting that the M1 to M2 switch during the progression of inflammatory responses enables macrophages to both orchestrate the onset of inflammation and subsequently promote healing and repair. [47] [48] [49] M1 macrophages secrete a plethora of proinflammatory mediators, such as cytokines, reactive oxygen species, nitric oxide and glutamate, which are able to induce tissue damage. Depletion of infiltrating macrophages by clodronate liposomes suppressed axonal damage and clinical symptoms of EAE. [50] [51] [52] [53] [54] Conversely, M2 macrophages have been shown to play a protective role in EAE by producing extracellular matrix molecules and anti-inflammatory cytokines promoting tissue repair. Adoptive transfer of M2 macrophages ameliorates EAE development by inhibiting CD4 + T-cell activation. 26, 55, 56 Therefore, an important therapeutic strategy against MS is to deviate the pathogenic Th1/Th17 and M1 responses toward protective Th2/Treg and M2 responses. Another pathogenic characteristic of MS/EAE is the aberrant production of many pro-inflammatory cytokines and chemokines, including IL-1β, IL-2, IL-6, IL-12, IL-17A,  IL-17F, IL-21, IL-23, GM-CSF, TNF-α, IFN-γ, CCL2 , and CXCL10, [10] [11] [12] [13] [14] [15] suggesting that direct targeting of these pro-inflammatory mediators or blocking their signaling pathway(s) may be a promising therapeutic strategy in MS/EAE.
C. The Janus Kinase/Signal Transducers and Activators of Transcription (JAK/ STAT) Pathway
The JAK/STAT signaling pathway is one of the most critical pleiotropic cascades utilized by cells to transduce signals for numerous hormones, growth factors, and cytokines. 57 A wide array of cytokines, including IL-2, IL-3, IL-4, IL-6, IL-7, IL-9, IL-12, IL-13, IL-15, IL-21, IL-23, IFN-γ, GM-CSF, and others use the JAK/STAT pathway for their biological activities. 57, 58 In general, cytokine binding to its cognate receptor trans-activates receptorassociated JAKs, leading to cross-phosphorylation and activation. The JAKs then phosphorylate the intracellular tail of receptors on tyrosine residues, creating docking sites for the recruitment of STATs (Fig. 1A) . STATs are recruited to the phosphorylated receptor through the SH2 domain and are tyrosine-phosphorylated by JAKs, resulting in their activation. Activated STATs will subsequently dimerize and translocate to the nucleus, where they bind to specific DNA elements and modulate the expression of numerous target genes (Fig. 1A) . 59 In mammals, four members of the JAK family (JAK1, JAK2, JAK3 and TYK2) and seven STATs (STAT 1, 2, 3, 4, 5a, 5b and 6) have been identified. Different JAKs and STATs are recruited based on cell type (or state) specificity and the receptors engaged in the signaling event, and different JAK/STAT combinations result in differential gene expression profiles. JAKs contain a JH1 domain, which is the kinase domain responsible for phosphorylation. STATs contain a coiled-coil domain, DNA-binding domain, SH2 domain, and transactivation domain, which is phosphorylated by JAKs 57, 58 (Fig. 1B) . Appropriate activation of the JAK/STAT pathway is carefully orchestrated by a number of negative regulators to prevent STAT hyperactivation-associated immunopathology. 58, 60 Suppressors of cytokine signaling (SOCS) proteins, which are induced by cytokines, act in a classic negative feedback mechanism for termination of excessive activation of cytokineinduced JAK/ STAT signaling by inhibiting JAK kinase activity (Fig. 1A) . Eight members (CIS and SOCS1-7) of the SOCS protein family contain a C-terminal conserved SOCS box, a classical SH2 domain, and an N-terminal variable region (Fig. 1B) . The SOCS box interacts with components of the ubiquitin ligase machinery (Elongin B, Elongin C, Cullin-5, and Ring-box 2, and an E2 ubiquitin transferase), thereby mediating proteosomal degradation of associated target proteins, such as JAKs (Fig. 1B) . The SH2 domain functions as an adapter, allowing SOCS proteins to bind to activated JAKs and to certain cytokine receptors to suppress further signaling events (Fig. 1A) . Two SOCS family members, SOCS1 and SOCS3, have a unique kinase-inhibitory region (KIR), which serves a pseudosubstrate for JAKs, conferring these two proteins with the ability to directly inhibit JAK kinase activity 61 (Fig. 1B) . A recent study has defined a novel role for SOCS proteins in inhibiting JAK/STAT pathway activation in neighboring cells through the secretion of SOCS proteins in exosomes. Bourdonnay et al. identified SOCS1 and SOCS3-containing exosomes in the extracellular space being delivered from alveolar macrophages to neighboring epithelial cells in the context of lung inflammation. 62 
D. The Role of the JAK/STAT Pathway in Modulating Immune Responses
The JAK/STAT pathway is critical in influencing the quality and nature of both innate and adaptive immune responses. As mentioned above, macrophages can be polarized to the M1 or M2 phenotype depending on local environmental cues. Generally, IFN-γ mediates M1 polarization through JAK1/2 and STAT1 activation, whereas IL-4 skews macrophages toward the M2 phenotype through JAK1/3 and STAT6 activation. 63, 64 In addition, the M1 phenotype can also be achieved in response to GM-CSF stimulation through JAK2 and STAT5 activation. 64 GM-CSF has also been shown to induce the in vitro differentiation of mouse and human hematopoietic progenitors or human monocytes into DCs, indicating an essential role of GM-CSF induced JAK2/STAT5 activation in DC development. 65 The JAK/ STAT pathway is also critical in regulating T-cell differentiation, maturation, and function. [66] [67] [68] For example, under Th1 differentiation conditions, IL-12 signals through JAK2/TYK2/STAT4 to induce IFN-γ production. Subsequently, IFN-γ signals through JAK1/2 and STAT1 to upregulate expression of T-bet, the master transcription factor for Th1 cells. Under Th17 differentiation conditions, STAT3 activation is essential to induce expression of Th17 master transcription factor RORγt, which is critical to maintaining the stability and function of Th17 cells. 69, 70 IL-6 signals through JAK1/2/TYK2/STAT3 to induce expression of IL-21 and IL-23R, and IL-6 signaling, together with IL-21 and IL-23 signaling, leads to sustained activation of STAT3. 37, 71 In addition, IL-6-induced STAT3 activation is critical to overriding Foxp3-mediated repression of RORγt and is capable of redirecting Treg cells toward the Th17 lineage. 72 Under Th2 differentiation conditions, IL-4 activates JAK1/3 and STAT6 to induce the expression of GATA3, the master transcription factor of Th2 cells.
As negative regulators of the JAK/STAT pathway, SOCS proteins affect immune responses in many aspects. SOCS1 negatively regulates M1 macrophage polarization by inhibiting IFN-γ-induced JAK2/STAT1 activation, and SOCS1-deficient M1 macrophages exhibit increased levels of IL-6, IL-12, MHC II, and nitric oxide, characteristics of the M1 phenotype. 73 Our lab has recently demonstrated that SOCS3-specific deletion in macrophages leads to a "heightened" M1 phenotype associated with aberrant STAT1/3 activation, indicating that SOCS3 is also a negative regulator for the M1 phenotype. 74 In Tcell differentiation, loss of SOCS1 in CD4 + T cells augments the generation of Th1 cells 75, 76 whereas overexpression of SOCS1 suppresses Th1 cell differentiation. 70 SOCS3 also inhibits IL-12-induced STAT4 signaling; thus, ectopic expression of SOCS3 favors Th2 cell generation and blocking SOCS3 facilitates the Th1 phenotype. 76 Interestingly, SOCS1 and SOCS3 display different roles in Th17 cell differentiation. As SOCS3 inhibits STAT3 signaling, the critical signaling pathway in Th17 cell differentiation, deletion of SOCS3 promotes Th17 cell generation. 77, 78 Furthermore, leukemia inhibitory factor (LIF), a member of the IL-6 family of cytokines, inhibits IL-6/STAT3-induced Th17 cell differentiation through SOCS3 upregulation in addition to ERK activation. 79 In contrast, loss of SOCS1 leads to defective Th17 cell generation due to STAT3 suppression by enhanced expression of SOCS3 through hyper-STAT1 activation. 80 Overall, cytokines bridge the innate immune system (IL-6, IL-12, IL-23) and adaptive immune system (GM-CSF, IL-17 and IFN-γ), which makes the JAK/STAT pathway essential in mediating this crosstalk. Therefore, aberrant regulation of activation of the JAK/ STAT pathway plays a central role in pathological processes and inflammatory responses in the context of autoimmune and inflammatory diseases.
II. ROLE OF THE JAK/STAT SIGNALING PATHWAY IN MS/EAE
Detailed mechanisms of the JAK/STAT pathway and how this pathway serves as a fundamental paradigm utilized by cells for sensing environmental signals and interpreting these cues to regulate cell growth and differentiation, as well as the clinical relevance of targeting this pathway for therapeutic interventions, have been elegantly summarized by Villarino et al. and O'Shea et al. 58, 59 In this review, we focus on the therapeutic potential of targeting this pathway in the potential treatment of neuroinflammatory diseases in order to add new components to those reviews.
The importance of the JAK/STAT pathway in MS/EAE pathogenesis has been highlighted in recent genome-wide association (GWAS) studies. Genetic variations of STAT3, STAT4 and TYK2 have been shown to confer susceptibility to develop MS in a variety of populations. 7, [81] [82] [83] A follow-up study was conducted focusing on the functional impact of the TYK2 variant on human T cells. 84, 85 The reactivity and cytokine expression profiles of T cells were compared from individuals expressing the protective TYK2 genotype with the disease-associated TYK2 genotype, and it was determined that the protective allele confers decreased TYK2 activity, leading to a shift of T-cell differentiation into the Th2 phenotype. 85 Interestingly, a SOCS1 variant was recently identified as a new genetic risk factor for MS. 86, 87 This variant modulates SOCS1 expression in DCs, thereby affecting their function by influencing expression of CD86 and HLA-DR. 87 In addition to JAK/ STAT pathway components, GWAS studies have also identified many JAK/STAT pathwayassociated genes as MS risk factors, including IL-2RA, IL-7, IL-7R, IL-12A, IL-12B, and HLA-DRB1 and HLA-A. 7, [81] [82] [83] Interestingly, CD40 has also been identified as a MS susceptibility gene, 88 and we have shown that CD40 is induced by the JAK/STAT pathway. IFN-γ induces CD40 expression in macrophages and microglia and SOCS1 inhibits expression. 89 Although no study has assessed the levels of STAT(s) activation in CNS lesions in patients with MS, several cytokines, which signal through the JAK/ STAT pathway, have been identified in the lesions from MS patients. 90 , 91 Li et al. found that the levels of IL-23p19 were elevated in brain lesions from patients with active and chronic MS. 91 In addition, increased levels of IL-12 have also been observed in acute MS plaques. 90 Overall, both genetic evidence and increased levels of JAK/STAT associated cytokines directly or indirectly demonstrates the prominent involvement of the JAK/STAT pathway in the pathogenesis of MS.
A. Role of the JAK/STAT Signaling Pathway in CD4 + T cells in MS/EAE
CD4 + Th1 and Th17 cells are the primary effector cells in the pathogenesis of MS/EAE. Enhanced expression of Th1 and Th17 cell cytokines are detected in the active CNS lesions in both MS patients and EAE mice. [92] [93] [94] [95] [96] [97] Enhanced STAT1 and STAT3 activation in T cells has been identified in MS patients during relapse compared with cells from patients in remission, and elevated levels of activated STAT1 and STAT3 strongly correlate with enhanced disease activity in the brain and spinal cord, suggesting an association of increased STAT1 and STAT3 activation and MS relapse. 98 In addition, persistent high levels of activated STAT3 in circulating CD4 + T cells from patients with clinically isolated syndrome predicts conversion to clinically defined MS. 99 To study the involvement of the JAK/STAT pathway in EAE, mice with targeted deletion of STAT genes have been generated. TYK2 is involved in IL-12-and IL-23-mediated signaling, and TYK2-deficient mice showed complete resistance against EAE due to severely impaired Th1 cell differentiation. 100 Similarly, mice deficient in STAT4 are resistant to the induction of EAE, as naïve CD4 + T cells fail to differentiate into Th1 cells due to disruption of the IL-12/STAT4 signaling axis. 101 However, STAT1-deficient mice are susceptible to EAE, indicating that IFN-γ/STAT1 signaling is not essential for EAE development. 102 IL-23-deficient mice (IL-23p19 −/− ) 103 and IL-6-deficient mice are resistant to EAE. 104, 105 As STAT3 is the common transcription factor activated in response to IL-23 and IL-6, these cytokine-deficient mice have reduced STAT3 activation. In accord with these findings, conditional deletion of STAT3 in T cells renders mice resistant to EAE due to defective Th17 differentiation. 106 In addition, deficiency of STAT3 in T cells results in decreased levels of activated integrins, including α4 integrin (CD49d) and β1 integrin (CD29), disrupting the trafficking of these T cells into the CNS. 106 STAT5 has been shown to promote generation of regulatory T cells (Tregs) and immune suppression. 107 Surprisingly, a recent study demonstrated that specific deletion of STAT5 in CD4 + T cells resulted in diminished development of EAE. 108 The loss of encephalitogenic ability of STAT5-deficient CD4 + T cells was independent of IFN-γ or IL-17 production, but was due to the impaired expression of GM-CSF, a crucial mediator of T-cell pathogenicity. The authors further demonstrated that IL-7 mediated activation of STAT5 promotes the generation of GM-CSF-producing CD4 + T cells, and they suggested that these cells are more pathogenic than Th1 or Th17 cells. 108 Th2 cells are proposed to play a protective role in EAE. The IL-4/ STAT6 axis controls Th2 cell differentiation. Thus, STAT6-deficient mice experience a more severe clinical course of EAE because STAT6-deficient naïve CD4 + T cells predominantly differentiate to the Th1 phenotype. 101 SOCS proteins also influence EAE development by regulating CD4 + T-cell differentiation. Mice with specific SOCS1 deletion in CD4 + T cells exhibit less EAE disease severity. 80 The protective effect of SOCS1-deficiency in naïve CD4 + T cells is due to T-cell differentiation predominantly into Th1 cells and poorly into Th17 cells. 80 The overproduction of IFN-γ by hyper-activated Th1 cells inhibits Th17 differentiation through induction of SOCS3. 75 As such, mice with SOCS3 overexpressed in T cells exhibit delayed onset of EAE and restricted Th17 cell differentiation. 80 However, loss of SOCS3 in CD4 + T cells protects mice from experimental autoimmune uveitis (EAU), another animal model of neuroinflammation. 107 This protective effect was due to enhanced expression of CTLA-4 and expansion of IL-10-producing Tregs, as SOCS3 deletion led to increased levels of Tregs with enhanced suppressive function. 107 Interestingly, SOCS3 deletion in CD4 + T cells did not result in enhanced generation of Th17 cells in this study, which differs from other studies. 72, 73 The reason for this discrepancy in findings is unclear and demonstrates a need for further investigation into the role of SOCS3 in CD4 + T-cell differentiation.
B. Role of the JAK/STAT Signaling Pathway in Myeloid Cells in MS/EAE
As mentioned previously, the JAK/STAT pathway is essential in modulating immune responses in myeloid cells. Given that these cells are critical in MS/EAE pathogenesis, the JAK/STAT signaling pathway contributes to EAE/MS through modulating the function of myeloid cells. In relapsing MS patients, high levels of STAT3 activation and low levels of SOCS3 expression were found in monocytes compared with cells from remitting MS patients. 110 Additionally, leptin, one of the pathogenic mediators in EAE, 111 induced an upregulation of STAT3 activation only in monocytes from patients in relapse. 110 In EAE models, the number of SOCS1-expressing macrophages at the peak of RR-EAE was significantly higher than in chronic EAE, and this correlated with diminished expression of iNOS. 112 Because expression of iNOS is negatively regulated by SOCS1, 113 112 Interestingly, SOCS3 expression in DCs has also been shown to be protective in EAE, as adoptive transfer of SOCS3-transduced DCs reduces the clinical severity of EAE. 114 These SOCS3-transduced DCs expressed low levels of MHC II and CD86 and produced high levels of IL-10 but low levels of IL-12, IL-23 and IFN-γ, which resulted in a limited differentiation of Th1 and Th17 cells and a robust induction of Th2 cells. 114 To further investigate the role of SOCS3 in myeloid cells in vivo, we generated mice with targeted deletion of SOCS3 in myeloid cells (LysMCre-SOCS3 fl/fl mice) to study how SOCS3 in myeloid cells regulates immune responses in the context of EAE. Importantly, we found that LysMCre-SOCS3 fl/ fl mice develop an early onset and severe, nonresolving atypical form of EAE, which is associated with lesions in the cerebellum, rather than the spinal cord, and ataxia and tremors. 26 LysMCre-SOCS3 fl/ fl mice with atypical EAE exhibit hyperactivation of STAT3 and STAT4, and they have elevated numbers of inflammatory cells in the cerebellum and brainstem, including extensive macrophage and neutrophil infiltrates, and a prominent Th1 and Th17 cell infiltrate compared with SOCS3 fl/fl mice with classical EAE. 26, 46 The absence of SOCS3 in macrophages led to a pronounced polarization to the M1 phenotype, which was associated with increased expression of M1 genes, including iNOS, IL-1β, IL-12p40, IL-23p19, IL-6, CCL2, CXCL10, CD40, CD80, CD86, and IRF5, providing the microenvironment to polarize Th1 and Th17 cells and induce neuronal death 26, 74 Our recent studies demonstrated that the atypical EAE observed in LysMCre-SOCS3 fl/ fl mice is characterized by extensive neutrophil infiltration into the cerebellum and brainstem, increased iNOS levels in the cerebellum and brainstem, and prominent axonal damage. 46 Importantly, infiltrating SOCS3-deficient neutrophils produce high levels of CXCL2, CCL2, CXCL10, nitric oxide (NO), TNF-α and IL-1β. 46 Thus, our data directly demonstrate that SOCS3 expression in myeloid cells provides protection from EAE through deactivation of multiple neuroinflammatory responses.
C. Role of the JAK/STAT Signaling Pathway in Glial Cells in MS/EAE
Glial cells participate in local innate immune responses upon activation by various insults, and activation of glial cells is implicated in the pathogenesis of MS/EAE through the production of a variety of soluble mediators, such as CCL2, CXCL1, CXCL2, CXCL10, GM-CSF, and IL-6. [115] [116] [117] [118] The JAK/STAT pathway has been shown to regulate glial cell activation, thereby affecting their function during the pathogenesis of MS/EAE. We have shown that IFN-β treatment of astrocytes induces robust expression of chemokines, such as CCL2, CCL3, CCL4, CCL5, and CXCL10 through activation of STAT1. 119 IFN-β treatment also induces SOCS1 and SOCS3 as negative feedback regulators to constrain the expression of these chemokines. Specific small interfering RNA (siRNA) targeting of SOCS1 and SOCS3 in astrocytes enhances their proinflammatory response to IFN-β stimulation and promotes chemotaxis of macrophages and CD4 + T cells. 119 The accumulation of misfolded proteins and induction of endoplasmic reticulum (ER) stress are associated with MS. 120 Our lab has recently shown that ER stress is also present in the CNS concomitant with inflammation and astrogliosis in EAE. 121 In addition, we found that ER stress-induced activation of astrocytes through activation of the JAK1/STAT3 axis triggers the production of IL-6, CCL2, and CCL20. 121 Furthermore, we demonstrated that ER-stressed astrocytes, via the JAK1/STAT3 pathway, express IL-6 and oncostatin M (OSM) to stimulate microglia activation, which synergizes with ER stress in astrocytes to create a feed-forward loop to drive inflammation in EAE. 121 The involvement of reactive astrocytes in disease progression is highly controversial; generally, they are detrimental for neuronal function, but studies also suggest that reactive astrocytes may have beneficial effects and promote neuronal survival. [112] [113] [114] Interestingly, a recent study showed that the JAK/STAT3 pathway is a common inducer of reactive astrocytes in animal models of Alzheimer's disease and Huntington's disease. 125 Lentiviral gene transfer of SOCS3 in astrocytes inhibited this pathway, prevented astrocyte reactivity, and decreased microglial activation in models of both diseases. 125 In contrast, in a spinal cord injury model, STAT3 activation was shown to be crucial for astrocyte migration and glial-scar formation, which limited inflammatory cell infiltration and protected neurons and oligodendrocytes from cell death. 126 Microglia are CNS resident immune cells that participate in pathology associated with MS/ EAE. Microglial activation is believed to be an early event in CNS inflammation. Upon activation, microglia produce soluble mediators, including NO and TNF-α, which are toxic to oligodendrocytes and neurons. 127, 128 It has been reported that gangliosides, which are predominantly found in the CNS, can rapidly activate JAK1/2 and STAT1/3 to induce expression of NO and CCL2 in microglia, and treatment with AG490, a JAK inhibitor, reduces the expression of these pro-inflammatory mediators. 129 Thrombin is generated from the precursor prothrombin, which is endogenously expressed in dopaminergic neurons in the substantia nigra. Treatment of microglia with thrombin rapidly activates JAK2 and STAT3, leading to the production of NO and TNF-α and induction of neurodegeneration of dopaminergic neurons in vitro. 130 AG490 treatment inhibits thrombin-induced production of TNF-α and NO, which rescues dopaminergic neurons. 130 In an ischemia-induced neuronal damage model, transient middle cerebral artery occlusion in adult rats led to increased JAK2 and STAT3 phosphorylation in the ipsilateral cortex and striatum. Fluorescent immunohistochemistry revealed that both pJAK2 and pSTAT3 staining was predominantly localized in macrophages/microglia in the post-ischemic brain. 131 Treatment with AG490 or siRNA specific for STAT3 prevented post-ischemic JAK2 and STAT3 activation, significantly decreased the infarct volume and the number of apoptotic cells and improved neurological functions. 131 Interestingly, in a model of amyotrophic lateral sclerosis, treatment with a selective JAK2 inhibitor, R723, significantly reduced the number of Ly-6C + blood monocytes, and suppressed expression of IFN-γ and NO in the spinal cord but did not alter expression of IL-1β, IL-6, TNF-α, and NADPH oxidase 2 (NOX2), progression or survival in mSOD1G93A mice 132 These data are particularly interesting because they indicate that JAK inhibitors have different effects in the context of different neurologic disease models.
Oligodendrocytes are the glial cells responsible for the myelination of neurons in the CNS, crucial for proper signal transduction and neuronal survival, and they are therefore the target of immune attacks in lesions of demyelination during MS/EAE. 133, 134 Apoptosis of oligodendrocytes induced by CNS inflammation is a hallmark in MS/EAE. 133 It has been shown that oligodendrocytes express most of the cytokine receptors that signal through the JAK/ STAT pathway, including receptors for IL-4, IL-6, IL-10, IL-12, IL-18 and IFN-γ.
IFN-γ activation of STAT1 leads to oligodendrocyte death, 135, 136 and IFN-γ expression in adult animals after demyelination inhibits remyelination. The deleterious effect of IFN-γ on oligodendrocytes can be corrected by overexpression of SOCS1, resulting in protection of myelinating oligodendrocytes against the harmful effects of inflammation. 137 In contrast, LIF-induced STAT3 activation in oligodendrocytes is protective in EAE, as LIF administration reduces oligodendrocyte apoptosis and disease severity. 138 LIF induces SOCS3 expression in oligodendrocytes, and mice with specific deletion of SOCS3 in oligodendrocytes display less oligodendrocyte loss in the cuprizone model of demyelination. 139 Collectively, these studies implicate the JAK/ STAT pathway in the regulation of glial cell activation and function during demyelinating inflammatory events that contribute to the pathogenesis of MS/EAE.
III. THE JAK/STAT PATHWAY AS A PROMISING THERAPEUTIC TARGET IN EAE
The involvement of the JAK/STAT pathway in the pathogenesis of MS/EAE is intriguing, and further understanding of its multi-faceted role could potentially lead to preclinical and clinical studies with a more targeted focus on this pathway. Interestingly, intravenous administration of MOG 35-55 peptide suppresses EAE through inhibiting STAT1 and STAT4 activation in both myeloid cells and T cells, 140 strengthening the clinical promise of the JAK/STAT pathway as a therapeutic target for MS/ EAE. Below, we summarize current research on therapeutic interventions in EAE models that are relevant to the JAK/STAT pathway.
A. Natural Compounds
A variety of natural compounds have been found to have therapeutic efficacy in the treatment of EAE. Plumbagin, an herbal compound derived from roots of the medicinal plant Plumbago zeylanica, controls encephalitogenic T-cell responses and amelioration of EAE through down-regulation of the STAT1/ STAT4/T-bet axis and STAT3/RORγt axis. 141 Berbamine (BM) is an herbal compound derived from Berberis vulgaris L, and BM treatment suppresses EAE development. Interestingly, BM treatment up-regulated expression of STAT-interacting LIM protein (SLIM), an ubiquitin E3 ligase for STAT4, which promotes STAT4 degradation, resulting in markedly decreased IFN-γ production in CD4 + T cells from EAE mice. 142 The same group showed that another natural compound, Berberine (BBR), an isoquinoline alkaloid derived from plants, is able to influence Th1 and Th17 cell differentiation and ameliorate EAE disease by targeting activation of TYK2/ JAK1/2/STAT1/4 in Th1 cells and STAT3 in Th17 cells. 143 Studies from the Bright group have shown that three natural compounds, curcumin (a naturally occurring polyphenolic phytochemical isolated from rhizomes of the medicinal plant Curcuma longa), 144 quercetin (a flavonoid phytoestrogen), 145 and 1,25 dihydroxyvitamin-D3 146 can individually inhibit EAE development by suppressing IL-12-induced JAK2/ TYK2/STAT3/4 activation. A recent study by Zhang et al. reported that tripchlorolide (T4), an extract of the natural herb Tripterygium wilfordii Hook F (TWHF), reduces the severity of EAE and inhibits ongoing disease by suppressing the JAK2/STAT1/ STAT3 axis. 147 Additionally, another study using an EAE model in rats demonstrated that cornel iridoid glycoside (CIG), the main component extracted from Cornus officinalis, reduced disease severity, incidence, disease onset and ongoing paralysis through blocking the JAK/STAT1/3 axis in the brain 148 (Table 1 ).
B. Pharmacologic Compounds
A number of pharmacologic compounds have been tested in MS/EAE (Table 1) . Glatiramer acetate (GA, copolymer-1, copaxone), fumurates and laquinimod, which either have been approved by the FDA for treatment of MS patients or are under evaluation for RR-MS, have been shown to induce protective M2 macrophage and type II DC phenotypes in EAE by interfering with STAT1/3 activation, leading to decreased levels of IL-6, IL-12, and IL-23, and elevated levels of IL-10. 26, [149] [150] [151] [152] In addition, GA has been shown to limit Th1 and Th17 differentiation by targeting the JAK2/TYK2/STAT3/4 axis. 152 Other pharmacologic inhibitors have also been shown to affect the JAK/STAT axis, thereby modulating clinical symptoms of EAE. Statins are selective inhibitors of 3-hydroxy-3-methylglutaryl (HMG) coenzyme A (Co-A) reductase, utilized primarily for hypercholesterolemia treatment. 153, 154 Recent data suggest that simvastatin may have therapeutic benefit in certain clinical subtypes of MS patients. 155, 156 Mechanistically, it has been shown that lovastatin induced the expression of GATA3 and phosphorylation of STAT6, whereas it inhibited tyrosine phosphorylation of JAK2/TYK2/STAT4, promoting a deviation of Th1 cell differentiation to the protective Th2 phenotype. 157 Another study showed that simvastatin induced expression of SOCS1 and SOCS3, which are associated with inhibition of STAT1 and STAT3 activation in monocytes of RR-MS patients, leading to decreased levels of IL-6, IL-21, IL-23, IL-12p70 and inhibition of Th17 cell differentiation. 158 In addition, our lab has demonstrated that simvastatin inhibits IFN-γ-induced CD40 gene expression in macrophages and microglia by suppressing STAT1 activation. 159 Cyclooxygenase (COX-2) inhibitors 160 and glycogen synthase kinase-3 (GSK3) inhibitors 161 are reported to alleviate EAE development by blocking Th1 cell differentiation through suppression of IL-12-induced JAK2/TYK2/STAT4 activation and IFN-γ-induced STAT1 activation, respectively. Other rather unconventional therapeutic agents linked to JAK/STAT inhibition in EAE are peroxisome proliferator-activated receptor-γ (PPARγ) agonists. Natarajan et al. showed that treatment of SJL/J mice with PPARγ agonists decreased the duration and clinical severity of active immunization and adoptive transfer models of EAE. This beneficial effect was accomplished by inhibition of IL-12-induced activation of the JAK/STAT signaling pathway and Th1 cell differentiation. 162 
C. JAK Inhibitors (JAKinibs)
The JAK/STAT pathway has become an attractive therapeutic target in inflammation, autoimmune diseases, solid and liquid tumors, and transplant rejection. 58, [163] [164] [165] The most common type of inhibitors of this pathway are small-molecule JAK inhibitors, also termed JAKinibs. A variety of JAKinibs have been developed and have demonstrated clinical efficacy in rheumatoid arthritis and other inflammatory disorders. 58, 163, 164 Given the breadth of data implicating association of dysregulation of the JAK/STAT pathway and MS/EAE pathogenesis, several studies have examined direct inhibition of the JAK/STAT pathway in EAE using JAKinibs (Table 1) . Tyrphostin B42 (AG490), a JAK2 inhibitor, was tested by Bright et al., in the EAE model. 165 They found that in vitro treatment of T cells with tyrphostin B42 inhibited IL-12-induced tyrosine phosphorylation and activation of JAK2, resulting in a decreased level of IFN-γ production. In vivo, treatment of mice with tyrphostin B42 reduced the incidence and severity of both active and adoptive transfer EAE, which was associated with decreased proliferation and decreased IFN-γ production in Th1 cells. 166 CEP-701, originally developed as a FLT3 inhibitor, has also been shown to function as a JAK2 inhibitor. Whartenby et al. demonstrated that treatment of mice with CEP-701 significantly improved the clinical course of established disease in mice with EAE. 167 The same group also tested the effect of JAK2 inhibition in DCs and found that treatment of DCs led to a decrease in secretion of TNF-α, IL-6 and IL-23, as well as a decrease in expression of costimulatory molecules, including CD40 and CD86. 168 We have recently demonstrated that AZD1480, an ATP competitive inhibitor of JAK1 and JAK2, has striking protective effects in multiple models of EAE 169, 170 (Fig. 2) . Specifically, in vitro AZD1480 treatment inhibits STAT1 and STAT4 activation in T cells, leading to decreased Th1 cell differentiation as assessed by decreased IFN-γ production, and decreased mRNA levels of IFN-γ and T-bet. AZD1480 also reduces differentiation of naive T cells to Th17 cells and inhibits mRNA levels of STAT3 target genes, including IL-17A, RORγt, IL-22 and IL-23R by suppression of STAT3 activation (Fig. 2) . AZD1480 also influences APCs by inhibiting IFN-γ-induced STAT1, IFN-γ and IL-6-induced STAT3, and GM-CSFinduced STAT5 activation and expression of genes such as iNOS, MHC Class II and CD40, exerting an inhibitory effect on the M1 phenotype 169 (Fig. 2) . In vivo, inhibition of the JAK/ STAT pathway by AZD1480 suppresses classical and atypical EAE by preventing entry of immune cells into the brain, suppressing differentiation of Th1 and Th17 cells, deactivating myeloid cells, inhibiting STAT activation in the brain and reducing expression of proinflammatory cytokines and chemokines. In addition, AZD1480 treatment exerts a protective effect in RR EAE and Th1 and Th17-induced EAE. 169 Mechanistically, AZD1480 treatment impaired both the priming and expansion of T cells, suppressed proliferation of CD4 + T cells and CD11b + cells and attenuated the antigen presentation functions of myeloid cells. 169 Most importantly, AZD1480 was administered in a therapeutic manner after the appearance of clinical symptoms, with potent clinical efficacy (Fig. 2) .
D. STAT Inhibitors
There is much interest in directly targeting STATs, particularly STAT3 because STAT3 is a relevant target in numerous autoimmune diseases, including MS, as well as many cancers. 26, 147, [170] [171] [172] Although efforts to develop STAT inhibitors has seen limited success due to issues with bioavailability, in vivo efficacy and selectivity, 58 a number of STAT3
inhibitors have been described and tested successfully in preclinical models of cancers. 173 Of relevance to neuroinflammation, ORLL-NIH001, a STAT3 inhibitor, has been tested in EAU. 174 ORLL-NIH001 treatment substantially reduced the frequency of both pathogenic IL-17A + Th17 cells and IL-17 + IFN-γ + T cells. In vivo, treatment with ORLL-NIH001 attenuated disease severity by interfering with lymphocyte trafficking into the retina through downregulation of α4β1, α4β7, CCR6 and CXCR3. 174 These encouraging findings support the therapeutic potential of the future use of STAT3 inhibitors in MS/EAE.
E. SOCS Mimetics
There is also considerable interest in testing SOCS mimetics in autoimmune diseases. As mentioned previously, SOCS1 and SOCS3 contain a KIR domain that binds to tyrosinephosphorylated JAKs and inhibits their kinase activity. The tyrosine kinase inhibitor peptide (Tkip), a short 12-mer peptide, was developed as a SOCS1 mimetic. 175 Tkip is able to bind to the autophosphorylation site of JAK2, resulting in inhibition of its autophosphorylation as well as its phosphorylation of the IFN-γ receptor subunit IFNGR-1. 175 In vivo, treatment of New Zealand white mice with Tkip before EAE induction suppressed the development of acute EAE, while Tkip treatment in SJL/J mice blocked the acute and relapse phases of EAE. 176 Administration of Tkip also reduced disease severity in chronic EAE in C57BL/6 mice. 112 Another small peptide, SOCS1-KIR, which corresponds to the KIR sequence of SOCS1, was developed later by the same group. 177 SOCS1-KIR inhibits kinase activity by binding to the activation loop of JAK2 and TYK2. 177 SOCS1-KIR also inhibits IL-23 induced STAT3 activation. 178 Treatment of SJL/J mice with SOCS1-KIR inhibited severe relapsing paralysis by preventing cellular infiltration into the CNS, inhibiting proliferation and expansion of Th17 cells in EAE and suppressing IL-17, IFN-γ and TNF-α production by CNS inflammatory infiltrates. 178 Collectively, these findings indicate that intervention of the JAK/STAT pathway can attenuate neuroinflammatory responses in the CNS and may therefore represent a new therapeutic approach for treatment of MS patients.
IV. CONCLUSIONS
Dysregulation of the JAK/STAT pathway promotes aberrant activation of innate and adaptive arms of the immune system, including activation of pathogenic Th1 and Th17 cells, activation of macrophages, neutrophils and DCs, and excessive production of proinflammatory mediators, all of which drive the development of MS/EAE. Despite our knowledge on the pathogenic role of this pathway in a variety of inflammatory and autoimmune diseases, translation of this knowledge into clinical therapy has lagged behind until recently. During the past several years, much progress has been achieved in developing specific JAK inhibitors. Presently, 25 JAKinibs are currently being assessed as therapeutic agents in clinical trials for myelofibrosis, ulcerative colitis, psoriasis, rheumatoid arthritis, spondyloarthropathy, systemic lupus erythematosus, and various cancers. 58 Most excitingly, two JAKinibs have been approved by the FDA: ruxolitinib, a JAK1/JAK2 inhibitor, was approved in 2011 for patients with myelofibrosis and polycythemia, and tofacitinab, a JAK3/ JAK1 inhibitor, was approved in 2012 for treatment of patients with rheumatoid arthritis. In addition, second-generation JAKinibs with more specificity are being developed. 58 Undoubtedly, components of this pathway will continue to receive considerable attention as potential therapeutic targets.
Notably, current therapies for MS are partially effective in ameliorating disease symptoms, thus, the use of small molecules that target the JAK/ STAT pathway represents an important addition to the therapeutic options available for MS patients. Given the overwhelming evidence demonstrating the promising therapeutic efficacy of targeting the JAK/STAT pathway in animal models of MS, it will be exciting to follow these studies and hopefully the transition from bench to the bedside in the case of MS patients. Furthermore, other diseases such as Parkinson's disease, spinal cord injury, and Alzheimer's disease, which have a prominent neuroinflammatory component, may also benefit from treatment with JAKinibs.
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This work was supported in part by the National Institutes of Health (grant nos. NS45290 and NS57563 to E.N.B. and H.Q. and grant no. T32 AI007051 to S.A.G.), the National Multiple Sclerosis Society (grant no. CA-1059-A-13 to E.N.B.), and the Michael J. Fox Foundation through a grant to E.N The JAK/STAT pathway and structure of JAK, STAT, and SOCS proteins. (A). Cytokine binding to its cognate receptor transactivates receptor-associated JAKs, lead to crossphosphorylation and activation of the JAKs. The JAKs then phosphorylate the intracellular tail of the receptors on tyrosine residues, creating docking sites for the recruitment of STATs. STATs are then recruited to the phosphorylated receptor though the SH2 domain and tyrosine-phosphorylated by JAKs, resulting in STAT activation. Activated STATs will subsequently dimerize and translocate to the nucleus, where they bind to specific DNA elements and modulate the expression of target genes. SOCS proteins are not constitutively expressed; they are induced upon STAT activation and function in a negative feedback loop. (B). JAK, STAT, and SOCS protein domain structure. JAK proteins contain 7 JH domains including the pseudo-kinase domain (JH2) and the kinase domain (JH1). Trans-and autophosphorylation of tyrosine residues in the C-terminal kinase domain leads to the recruitment and activation of STATs. STAT proteins contain an aminoterminal domain, a coiled-coil domain, a DNA-binding domain, a linker domain, an SH2 domain, and a transactivation domain. Phosphorylation in the C-terminal transactivation domain by JAKs leads to STAT activation and dimerization. SOCS proteins contain a C-terminal conserved SOCS box, a classical SH2 domain, and an N-terminal variable length and organization region. The SOCS box interacts with components of the ubiquitin ligase machinery (Elongin B, Elongin C, Cullin-5, and Ring-box 2, and an E2 ubiquitin transferase), thereby mediating proteosomal degradation of associated target proteins, such as JAKs. SOCS1 and SOCS3 contain a kinase inhibitory region (KIR), which can directly inhibit JAK activity.
FIG. 2.
Potential mechanisms of action for the JAK1/JAK2 inhibitor, AZD1480. In the periphery, AZD1480 inhibits IFN-γ induced expression of MHC II and CD40 in APCs. In addition, AZD1480 inhibits IL-12 induced Th1 cell differentiation and IL-6 and IL-23 induced Th17 cell polarization. In the CNS, AZD1480 inhibits the reactivation of Th1 cells and Th17 cells by CNS APCs, and inhibits the production of nitric oxide by activated macrophages and microglia. Furthermore, AZD1480 suppresses ER stress-induced activation of astrocytes, and inhibits the synergistic pro-inflammatory effect of IL-6 with ER stress. Through inhibition of IFN-γ-induced STAT1 activation, AZD1480 could have potential protective effects on IFN-γ-mediated apoptosis in oligodendrocytes, although the effects of AZD1480 on oligodendrocytes have not been formally tested. Pathogenic Th1 and Th17 cells secrete GM-CSF during EAE, which promotes myeloid cell maturation. AZD1480 treatment suppresses GM-CSF induced STAT5 activation, exerting inhibitory effect on GM-CSF induced myeloid cell maturation. APCs, antigen presenting cells; CNS, central nervous system; ER, endoplasmic reticulum. 
